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The· measurement of the rheological properties, consi.stency or' vis-
cosity and fluid type, necessary for system design calculations, has 
fallen behind the industrial applications for non-Newtonian fluids. In 
the petroleum industry in particular, the process of well flow stimulation 
known as Hydraulic Fracturing utilizes the properties of various non-New-
tonian fluids to carry sand at high flow rates tothe formation to be 
fractured. Other non-Newtonian fluids in the petroleum industry are 
Bentonite clay drilling fluids, whoseunique gelling properties are help-
ful in suspending drill cuttings when the circulation of the fluid has 
ceased. In Newtonian liquids and gases the consistency is constant if 
the static · pressure·and temperature are fixed. For these substances the 
consistency is usually analogous to the viscosity. If the consistency of 
a liquid is ri.ot constant but is a function only ofthe shear stress, _the 
substance is -classified as a non-Newtonian liquid. A dilatant type of 
non--Newtonian liquid has the property of changing' its volume when sub-
jected to a change in its shape at constant pressure. 
The lack of fundamental methods of measuring the rheological prop-
erties of the non-Newtonian fluids is indicated in the accepted method 
of evaluating drilling fluids, 1 which recommends a single viscosity 
l ~ 
American Petroleum. Institute Recommended Practice 29, 3rd. Ed. (1950) 
determination of fluid from a flow system. Other methods of measuring 
viscosity are restricted to instruments designed for a specific range and 
type of fluid. Rheological measurements based on specific ranges of flow 
and individual fluids would not be universal in their application and their 
use could lead to erroneous results unless care is exercised in selecting 
2 
the correct method for the fluid under inyestigation. 
Very little literature concerning a gen~ral method of rheological 
measurement of non-Newtonian fluids is available. Only two papers 
appeared to have a direct bearing o.h this particular investigation. In 
1955, a method of analysis of non-Newtonian fluids correlating the laminar, 
2 
transition and ~urbulent-flow regions was proposed by Metzner and Reed. 
2Metzner; A. B., and Reed, J. C., Flow of Non-Newtonian Fluids~Cor­
relation of the Laminar, Transition, and Turbulent-flow Regions. AICHE 
Journal, Vol. 1, No. 4, pp. 434-440 (1955). 
This is the first method to be completely general in its application to 
the various fluids of the.Newtonian and non-Newtonian types. In this 
investigation the authors accumulated all available flow data on sixteen 
different non-Newtonian materials covering the range of Reynolds numbers 
from 6.3xlo- 5 to 1.3Xl0+5 • D t d'l t t t fl 'd t ' a a on 1 a an ype . u1 s was no ava1l-
able in the laminar or turbulent-flow regions (1955.) • 
The method proposed by Metzner and Reed is not dependent on the 
type of fluid or viscosimeter and is theoretically rigorous in the laminar-
flow region. However, a restriction to this method is the necessity that 
the consistency of the fluid must be a functiononly of the shear stress. 
Fluids whose consistency is a function of the shear stress and also the 
time of duration of shear.stress (thixotropic fluids) cannot be included 
in this analysis. This method employs the conventional Fanning friction 
factor-Reynolds number correlation for fluid flow in cylindrical ducts, 
in which a log-log plot of the Fanning friction factor versus Reynolds 
number is a str~ight line for the laminar-flow region. The Fanning 
friction factor is dimensionless and the Reynolds number is modified, but 
remains dimensionless. The modification of the Reynolds number is as 
follows: 
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where n' is the dimensionless characteristic of the fluid and represents 
the slope of the log-log plot of D.A P/41 vs. 8V/D. The quantity 
n' = d ln (DA P/41)/d ln (8V/D) at the value of DA P/41 in question. 
Also, n' = 1. 000 for Newtonian fluids and greater than unity for dilatant 
fluids~ It may be constant over a wide range of shear stress but is not 
restricted to being constant. The remaining terms in the above equation 
are defined as follows: 
K' = characteristic of the fluid or consistency, 
(pound force)(secondn')/(square foot). 
K' = (Di1 P/41)/(SV/D)n' at the value of D..d P/41 in question. 
The group Dll P/41 is the shear stress and the function SV/D has the 
dimensions of rate of shear, i.e., feet per second per foot. Refer to 
Appendix B for the list of nomenclature. 
The development of the correlation of Metzner and Reed was not de-
pendent on the rheological 'constants' n' and K' being constant. Hence, 
the correlation is completely general. However, :tl' and K' were by them 
found to be constant, within the accuracy o£ the data, for every fluid 
on which pipe-line data were available. Some of the fluids correlated 
by Metzner and Reed are: 33% lime water, 4% paper pulp in water, and 
10% Napalm in Kerosene. 
. 3 
Saunders and M.el ton, illustrated the use of the method of analysis 
3 . 
Saunders, C. D., 
Non-~ewtonian Fluids. 
PP• 196-201 (1957). 
and Melton, 1. 1., Rheological - Measurements of 
Journal of Petroleum Technology. Vol. 9, No. 7, 
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suggested by Metzner and Reed. Their investigation was made on three 
different fluids: a Newtonian type represented by SAE 30 motor oil, a 
non~Newtonian solid-liquid suspension consisting of 25 percent by weight 
calcilim .carbonate in water, and a non-Newtonian type of colloidal gel 
consisting ·of a 2.78 percent by weight modified starch in water. The 
dimensionless characteristic (n') of the two non-Newtonian liquids was 
between zero and unity, indicating that they were pseudo-plastic fluids. 
In the course of their investigation, Metzner and Reed had access to 
limited data in the turbulent-flow region and their data was restricted 
to other than dilatant fluids. A check of the proposed method would 
be an extension of its application to a dilatant fluid in the laminar 
flow region, which is the purpose of this investigation. 
EXPERIMENTAL 
. Purpose of Investigation 
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This investigation is to extend the correlation of Netzner and Reed 
to include ·a dilatant type non-Newtonian starch suspenston in water in 
the laminar-flow region using a pipe-line type viscosimeter. 
Apparatus 
The pipe-line viscosimeter used in this investigation consisted of 
an eight-foot length of i inch nominal diameter stainless steel pipe 
(See Figures 8 and 9J. Pressure taps were located five feet apart, one 
and one~half feet in from each end of the pipe. The average internal 
diameter of this ~· pipe, 0. 0253 feet, was determined from the weight of 
Mercury required to fill the eight foot section. Density measurements 
were made with the Braun ''Mud Wate Hydrometer'' and the Christian-Becker 
specific gravity balance. The dry starch was mixed with potable water 
using an i~peller type mixer. 
A barton model 202 differential pressure recorder was calibrated 
against a dead weight tester and used to record the difference in pressure 
through the five foot interval during conditions of steady flow. Refer 
to Appendix A for serial number and other infor~tion on this recorder. 
A two kilogram trip balance was used to weigh the smaller quantit~es of 
fluid and a platform scale was used for large quantities. Both scales 
were calibrated for the range in which they wer~ used. The fluid res-
ervoir was fabricated by closing the ends o£ a five-foot length of 4~ 
inch O.D. steel tubing and welding for a fluid seal. See Figure 10 for 
construction details. 
Materials 
Laundry Starch. Niagara Instant type, dehydrated. Manufactured 
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and distributed by Corn Products Refining Company, Argo, Illinois. This 
was used to make a dilatant fluid for investigation. Two different 
mixes of starch were used in the investigation. The original fluid was 
9.6 percent by weight, Niaga.ra · Instan-f: Starch, and the second fluid was 
17.5 percent by weight. 
·Motor Oil. SAE 20, non-detergent, service type ML. Manufactured 
by Phillips Petroleum Company, Bartlesville, Oklahoma. This oil was 
. . 
used to obtain data to plot the conventional friction factor-Reynolds 
number graph for a base line to compare with the dilatant fluid data. 
Procedure 
An ·average volumetric rate of flow was determined from the time 
required for a pre-determined weight of the fluid of known density to 
collect in a tared container. The fluid to be tested was forced through 
.the pipe-line viscosimeter by regu:J.ated air pressure ( 0 to 600 pounds 
per square inch) applied to the top of the fluid reservoir. There was 
very little temperature variation in the laboratory and no temperature 
control was employed. The pressure drop between the pressure taps was 
measured and recorded. 
Data and Results 
All laboratory measurements are shown in Table I. Calculated values, 
required to give the relationships between D~ P/4L and 8V/D as shown in 
Figures l through 6, are tabulated in Table II. Table II also contains 
the calculated values of Reynolds numbers and Fanning friction factors 
which are shown graphically in Figure 7. · As previously noted, . the method 
of Metzner and Reed is based on the conventional Fanning friction factor-
Reynolds number correlation. The results of the present investigation 
7 
are plotted in Figure 7 as Fanning friction factor vs. Reynolds number. 
As may be seen, the Fanning friction factors and Reynolds numbers of -the 
dilatant fluid of the present investigation fall on the same line as the 
motor oil, indicating that the original correlation may be extended to in-
clude a dilatant type £luid. 
A complete sample calculation of one individual run is presented 





t:1P Time of Fluid Density 
Run No. {psi.) (Sec.) . : ( 1b. ) (1b./cu.ft.) 
1 3.0 20.2 5 63.5 
2 3.5 18.5 5 , 
3 4.5 ' 16.6 5 II 
4 0.5 . 43.4 5 , 
5 0.75 34.8 5 II 
6 1.25 30.2 5 II 
7 1.75 26.2 5 II 
8 2.0 24.2 5 II 
9 2.5 22.4 5 II 
10 3.0 20.4 5 II 
11 3.5 19.5 5 II 
12 3.75 18.5 5 II 
13 3.5 7.8 2 65.0 
14 4.0 7.4 2 II 
15 1. 75 14.3 2 II 
16 2.0 12.9 2 II 
17 2.5 9.7 2 II 
18 3.5 8.2 2 II 
19 3.75 7.3 2 II 
20 4.25 6.7 2 II 
21 8.0 5.3 2 II 
22 1.25 7.5 1 II 
23 2.25 5.1 1 II 
24 1.5 7.4 1 , 
25 2.0 5.9 1 II 
26 3.1 . 8.4 2 , 
27 3.2 8.1 2 , 
28 4.1 6. 8 ' 2 , 
29 6.0 6.1 2 , 
30 5.2 6.2 2 , 
31 7.5 5.2 2 II 
32 7.75 5.3 2 II 
33 10.5 4.3 2 II 
34 8.5 5.0 2 II 
35 10.5 4.4 2 , 
36 11.5 4.1 2 II 
37 7.5 5.2 2 ,, 
38 10.0 4.6 2 II 
39 ' 12.1 4.1 2 II 
40 13.5 3a6 2 , 
41 13.5 3.6 2 II 
42 14.0 3.5 2 62.1 . 
43 21.5 2.6 2 
,, 
44 27.0 2.2 2 II 
45 17.0 5.3 3 II 
46 22.0 3.8 3 
, 
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TABLE I (Contd.) 
Weight 
.1P Time of Fluid Density 
Run No. (psi.) (Sec. ) (lb.) (lb./cu.ft.) 
47 22.0 3.8 3 62.1 
48 8.2 13.3 l 50.8 
49 · 12.2 8.5 0.947 II 
50 16.0 6.9 l ,, 
51 20.0 5.6 l II 
52 23.5 4.8 l II 
53 27.2 4.1 l II II 
54 46.0 6.3 3 II 
55 28.0 11.0 3 . . , 
56 45.8 6.4 3 II 
57 53.0 5.6 3 , 
58 53.0 3.5 2 II 







Run No. DA P/4L 8V/D f . NRe 
1 0.54J 2,466 0.00911 1,689 
2 0.638 2,719 0.00874 1,512 
3 0.820 3,035 0.00902 1,809 
4 0.0911 1,138 0.00712 2,143 
5 0.137 1,454 0.00656 . ' 2,327 
6 · 0.228 1,644 0.00855 1,797 
7 0.319 1,897 0.00898 1,702 
8 0.364 2,086 0.00847 1,802 
9 0.455 . 2, 213 0.00941 1,628 
-· 
10 0.547 2, 466 0.00911 1,689 
11 0.638 21592 0.00962 1,593 
. 12 0.683 2,719 0.00936 1,412 
13 0.638 2,510 0.100 1,616 
14 0.729 2,643 0.0103 1,542 
15 0.319 1, 365 0. 016 9 951 
16 0.364 1,517 o.O;t,B7 1,043 
17 0.455 2;017 0.0111 1,444 
18 0.638 2,390 0.0111 1,4S5 
19 0.683 2,681 0.0094 1,728 
20 0.774 2, 921 0.0090 1,788 
21 1.457 3,693 0. 0106 1,527 
22 0.228 1,296 0.0134 1,197 
23 0.410 1,903 0.0112 1,447 
24 0.273 1,315 0.0156 1, 025 
25 0.364 1,650 0.0132 1,212 
26 0.566 2,333 0.0103 1,574 
27 0.583 2,415 0.0099 1,?44 
28 0.747 2,877 0.0089 1,778 
29 1.093 3,212 0.0105 1,478 
30 0.947 3,172 0.0094 1,686 
31 1.366 3, 769 0.0095 1,634 
32 1.412 3,693 0.0103 1,509 
33 1.913 4,553 0.0091 1,111 
34 1.548 3,920 0.0100 1,549 
35 1.913 4.452 0.0096 1,620 
36 2.095 4,780 0.0091 1,702 
37 1.366 3, 769 0.0095 1,634 
38 1.822 4,256 0.0100 1,545 
39 2.204 4,780 0.0096 1,625 
40 2.459 5,444 0.0082 1,912 
41 2.459 5,444 0.0082 1,912 
42 2.550 5,818 0.0078 2,052 
43 ·3. 920 7,851 0.0066 2,455 
44 4.920 9,233 0. 0060 2,680 
11 




Run No. DLl P/41 8V/D f NRe 
45 3.100 5,754 0.0097 1,667 
46 4.010 8,031 0.0064 2,460 
47 4.010 8,031 0. 0064 2,460 
48 1.494 935 0.216 74.34 
49 2.222 1.378 0.148 . 108.14 
. 50 2.915 1,802 0.1137 141.37 
51 3.643 2,219 0.0937 170.92 
52 4.281 2,592 0.0810 198.42 
53 4.955 2,592 0. 0681 235.15 
54 8.38 5,932 0.0302 531.21 
55 5.10 3,396 0. 056 0 285.87 
56 8.34 5,837 0.0310 519.01 
57 9.66 6,956 0.0253 636.45 
58 9.66 7,146 0.0240 668.37 
SAMPLE CALCULATION.S 
Run Number 42: 
Volume of Fluid = Wt. of Fluid = ---2___;;l;;_b....;;.___ = 0 • 03 2 2 cu. ft • 
Density of Fluid 62.1 lb./cu.ft. 
( ) Volume of fluid Volumetric flow rate Q = i = T ,me 
0.0322 cu. ft. = 0.0092 cu. ft./sec. 
3.5 sec. 
4Q 4(0.0092) 
Average or Bulk Velocity (V) = nD2 = 0.0020 18.40 f~ .• /sec. 
Characteristic of fluid (n'), determined from the slope of the graph 
of DA P/4L vs. 8V/D which in this case is 1.42. 
, f f ' d (K') D.A P/4L 2.55 Cons1stency o lu1 . = (8V/D)n' = 222,180 = 
n' 2-n' 
1.148 X 10-5 
n' (lb. force)-(sec.) · 
(sq. ft.) 
Reynolds number (NRe) = D V p 
g K' 8n'-l 
c 
= (O.OG54)(5.4l)(l.929) = 2 , 052 
(1.148-X lo-5)(2.394) 
___£ = 62.1 = 1.929 
gc 32.2 
Fanning Friction Factor (f) = 
DA P/4L 2.55 


















































n' = ·2.02 
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· n' = 1.49 
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Figure 3. Relationship between shear stress 
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Figure 4. Relationship between shear stress and the function 8V/D. 
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n' = 1.0 
SAE 20 Motor Oil 
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Figure 7. Friction factor-Reynolds number correlation. 
Figure 8. Layout of Equipment. 
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Discussion ~f Results 
The fundamental nature of this method of analysis is illustrated in 
Figure 7, where the Fanning friction factors and Reynolds numbers of 
Newtonian motor oil and non-Newtonian starch are correlated by the con-
venfional Fanning friction factor-Reynolds number analysis of the flow 
through cylindrical ducts. -The fact that all points fall along the same 
straight line indicates that the Fanning friction factor may be employed 
in the same manner for both Newtonian fluids and the non-Newtonian fluid 
tested. 
Figures 5 and 6 show a slight change in consistency of the SAE 20 
motor oil. This change may have been due to a greater temperature 
variation than occurred during the laboratory measurements on the starch. 
This variation has no significant effect on Figure 7, where the points 
fall on the same line. 
Figures 1 and 2 show a large deviation of data points for values 
of SV between 1,000 and 1,700. This may be the result of inaccuracy in 
D 
determining the pressure drop. The pressure drops for these values were 
in the range of 0.5 and 4.0 pounds per square inch, and in this low range 
the percent error is much greater than in the higher ranges. 
All data are not plotted in Figure 7 for reasons of clarity, and ·· 
runs 29 through 41 have been omitted. These points fall well within the 
range of values of friction factor-Reynolds numbers of those obtained 
from the other tests. 
As noted earlie r , the slope of the plot of D~P/4L versus 8V/D, or 
n' is a measure of the degree of non-Newtonian behavior of the fluid. 
The s lope of the . lines shown in Figures 1 through 4 are all numerically 
24 
greater than unity, indicating that the starch mixt~res exhibited dilatancy. 
Extrapolation beyond a known range of shear stress should not be 
undertaken without careful consideration as the rigor of the correlation 
depends on the fact that n' and K' are permitt~d to vary with shear stress. 
Extrapolation in the laminar-flow region is permitted only as long as n' 
and K'. remain constant. This variation with shear stress ·is illustrated 
in Figures 1 through 4 where it :may be seen that n' and K' vary in 
different regions of shear stress. In Figures 3 and 4, n' ·and K', as 
determined by the line drawn through the -points, are not the same al-
though the region of shear stress is very nearly the same. This difference 








Comparison of Rheological Properties 
From Figures 1 through 4 
Percent Density 
Starch n' K' ( lbs • / cu/ ft • ) 
9.6 2.02 0.784 X lo-7 63.5 
17.5 1.49 0.559 X 10-5 65.0 
17.5 1.71 0.110 X 10-5 65.0 
17.5 1.42 0.114 X 10.:...4 62.1 
be the r eason for the difference in slope and consist ency. A similar 
apparent discrepancy exists between Figures 2 and 3 between n' and K' 
but here there is a greater difference in the range of shear stress 
cove r ed by each set of points . The di screpancies in n' and K' may be 
due to experimental error or to difference in aging of starch suspensions 
used. 
25 
The variation in densities in the same percentage starch was due 
to the formation of air bubbles caused by agitation of the fluid as it 
was collected in the tared container. This same effect was noticed in 
mixing the dry starch with water. Any attempt to make' laboratory . measure--
ments before the air bubbles escaped resulted in changing density values 
and in scattered data points when DAP/41 and 8V/D were calculated and 
plotted. It was found that _a suitable waiting time of a minimum of ten 
to twelve hours was necessary before any laboratory measurements were 
reasonably reproducible. 
The values of K' indicated in Table III are values determined from 
the intersection of the lines with the vertical axis in the corresponding 
figures. These values were not used in the calculation of Reynolds number 
but are presented only for comparision as are the values of n'. The values 
of K' that were used in the calculations were determined at each individual 
value of DA P/41. 
RECO:MMENDATIONS 
The extent of the transition region, or the point of fully developed 
turbulence, should be established. This may become necessary to correctly 
handle problems involving high rates of heat transfer in high output 
applications. Engineering correlations should also be developed for the 
more complex thixotropic systems. Field control evaluations of a 
thixotropic fluid such as are generallr based on one point viscosity 
determinations and special purpose viscosity measuring instruments wuch 
as the "Fann V-G Meter," and the "Marsh Funnel." 
26 
SUMMARY AND CONCLUSIONS 
· A pipe-line viscosimeter was assembled and used to make volumetric 
flow rate measurements on a dilatant fluid, common starch, and on a 
Newtonian fluid, SAE 20 motor oil. The laboratory measurements were re-
corded and used to calculate the Fanning friction factors and Reynolds 
nUlill:;lers· for both fluids. These dimensionless factors for both fluids 
were plotted on two cycle log-log graph paper and were found to lie on 
the same straight line. This investigation of the rheological properties 
of the dilatant fluid, starch, led to the following conclusions: 
1. It is not necessary to rely on empirical concepts to desc:dbe 
and measure the rheological properties of dilatant fluids. 
2. The conventional Fanning friction factor-Reynolds number 
correlation proposed by Netzner and Reed applies to. dilatant 
fluids in the laminar flow region. 
APPENDICES 
APpendix A 
Information on Barton differential pressure recorder: 
Serial Number 231-126. 
Barton Model 202 differential pressure recorder. 
Bristol Model 500 Case. 
Recorder chart number 1 A 3. 
l'-1a.ximum working pressure - 1500 pounds per square inch. 
Range of instr~ent, 0 to 100 pounds per square inch. 
Appendix B 
Nomenclature 
D = inside diameter of pipe~ feet. 
f = Fanning friction factor= (D..1 P/41)/(pV2/2gc), dimensionless. 
27 
gc conversion factor, 32.2 (pound mass)(feet)/(pound force)(second2). 
K' = consistency of fluid= (DA P/41)/(8V/D)n' at the value of DA P/41 
n' -in question, (pound force)(second )/(square feet). 
L = leng~h of pipe between pressure taps, feet. 
n' = characteristic of fluid, represented by the slope of the plot of 
(DAP/41) vs. (8V/D) at the value of DAP/41 in question, 
dimensionless. 
d umb dm- ' . ' 1 NRe -- Dn, v2-n' p/f for all flu1.' ds, NRe = Reynol s n er, l.ensl.on ess. 
which reduces to DVp~ for Newtonian fluids. 
AP =pressure drop, pound force/square foot. 
Q = volumetric f low rate , cubic f eet/second. 
V = average or bulk velocity, feet/second. 
r = generalized viscosity coefficient. 
2 n' (pound mass)/(feet)(second- ). 
p density of fluid, pound mass/cubic foot. ' 
Appendix C 
Design procedure for a non-Ne-wtonian system: 
l. Rheological properties (n' and K') and the fluid density are 
. . 
needed~ The properties n' and K' may be measured with a pipeline vis-
cosimeter. Measurements at only two shear rates are theoretically 
sufficient, although more are necessary to preclude the presence of 
thixotropy and to reduce experimental errors. 
28 
2. 1 2 n' K' and n' are used to calculate Reynolds number (Dn V- p/~ ). 
f is obtained from the usual friction factor-Reynolds number plot. 
Pressure drop is calculated from: 
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